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ABSTRACT

- An equalizer is arranged to contmuously sense the con- -~
trol pressures of two valves. In the event of a differen-

tial between the control pressures, the equalizer oper- =~
ates to selectively adjust one valve so that the control
pressures of both valves will thereafter be substantlally .
equal. |

20 Claims, 8 Drawing Figures
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PRESSURE EQUALIZATION OF MULTIPLE
VALVES

BACKGROUND OF THE INVENTION

1L Fleld of the Inventlon |

The present invention relates generally to the field of
equalizers for equalizing the output pressures of at least
two valves, and more particularly to an improved
- equalizer which is particularly adapted for use in a
redundant force-summed control system.

2. Description of the Prior Art

4,567,813
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In earlier years, flight control surfaces, such as rud- -

- ders, elevators and ailerons, were mechanically con- s

‘nected to the pilot’s hand controls. Such mechanical
-systems have been largely replaced by electrohydraulic

“mitted electrically  to servoactuators.

 servosystems, in which the pilot’s commands are trans-
While such

“fly-by-wire” servosystems offer the advantage of in-

creased performance, it has been appreciated that a

- failure of one component can have a dramatic adverse

effect on system performance. Concerns for safety have

led to the development of redundant (i.e., muitiple

channel) servosystems, such that effective contro] may
‘be continued noththstandmg a failure in one system
component. As described in Technical Bulletin 127,

25 tion, as apphed to a triplex system.

FIG. 6 15 a simplified schematic, generally sumlar to .

20

entitled “Redundant Electrohydraulic Servoactuators”, .
Moog Inc. (1976), such servoactuators have heretofore

been provided with ‘“simple parallel”, “averaging”,

 “majority voting”, “mid-value”,
tion”, and “hydrid” types of redundancy. All of these
approaches seek to permit continued control, albeit

sometimes at the expense of some aspect of perfor-

mance, in the event of a failure in a system component.

- Some of these earlier approaches are also disclosed in
U.S Pat. Nos. 3,257,911, 3,270,623 and 3, 741,073.

SUMMARY OF THE INVENTION |
The present invention pmwdes an improved equal-

“detectlon-eorree- 30

35

tion.

2

to a force summed tandem actuator, so ' that ""force-' o

fighting” attributable to a pressure mismatch will be
substantially eliminated.

These and other like objects and advantages will

become apparent from the foregoing and ongoing writ- '_fﬁﬁ_'_ R
- ten description, the drawings and the appended claims.

BRIEF DESCRIPTION OF THE DRAWINGS .

FIG. 1 is a simplified schematic of a prior art “aver- -

aging” equallzer .-
FIG.1Aisa simplified block diagram of the “averag- -

1ng equahzer shown in FIG. 1. |
FIG. 2 is a simplified schematic of an lmproved

‘equalizer, which selectively causes the valve which is
- producing the lower output pressure to be “equalized
~up” so that its output will substantlally equal the output -
- of the other valve. |

FIG. 2A is a simplified block diagram of the un--' _ﬁ
proved equalizer shown in FIG. 2.

FIG. 3 is a smpllﬁed schematic of a first modlﬁca-.
tion.

FIG. 4 is a simplified schematic of a second modifica- =

FIG. 5 is a simplified schematic of a third modifica-

FIG. 2, but showing a modified equalizer which causes

the valve which is producing the higher output pressure “

to be “equalized down” so that its output will substan- | .: S
- tially equal the lower output of the other valve.

~ DESCRIPTION OF THE PREFERRED
EMBODIMENTS

At the outset, it should be clear]y understood that hke

reference numerals are intended to identify the same =~

elements and/or structure consistently throughout the

several drawing figures, as such elements and/or struc-

ture may be further described or explained by the entire

izer, which is adapted to cause two or more valves, each 40
‘having one member movable relative to another, to |

have substantially equal output pressures.

‘The improved- equalizer is arranged to contmuously |
- sense the control pressures of the valves, and is opera-.

tive, in the event of differential between such control
pressures, to cause the relative positions of at least one

‘written specification, of which this detailed description o

is an integral part. Expressions such as “up”, “down”,

“left”, *“right”, and the like, are oriented to the appro- | -

priate drawing figure, as it faces the reader.

45

~of the valves to be adjusted so that the control pressure
provided by such valve will thereafter substantially |

equal the control pressure prowded by another valve. A
valve, whose hydraulic output is less than the hydraulic

50

output of another valve, may be “equalized up” to the -

higher output of the other valve. Alternatively, a valve -
whose hydraulic output is greater than the hydraulic

output of another valve, may be “equalized down” to
the lower output of such valve. Thus, in a system em-

55

ploying two or more valves, the hydraulic output of one
valve is used as a reference, and the other valves are -

slaved to have their hydraulic outputs agree with that of
- the reference valve.

Accordingly, the general ob_]ect of the invention is to 60

provide an equalizer for causing the output pressure of
two or more valves to be substantially equal to one
another. | |

Another object is to provide an xmproved equalizer
- which 1s particularly adapted for use in a redundant
- control system.

As used herein, the term “valve” is intended broadly. -
Hence, an “electrohydraulic servovalve” is only one -

- example of a “valve”. In general, “valves” have one -
member movable relative to another member. In an
“electrohydraulic servovalve”, such members may typ-

ically include: a spool movable relative to a body (e.g.,

U.S. Pat. No. 2,931,343); a sleeve movable relative to a

body (e.g., U.S. Pat. No. 4,205,590); a-Speol;mevable' o
- relative to a sleeve (e.g., U.S. Pat. No. 3,228,423); a jet
- pipe movable relative to a body (e.g., U.S. Pat. No.

~ 3,612,103); a deflector surface movable relative to a
body (e.g., U.S. Pat. No. 3,542,051 and so forth. Also,

the term “servovalve” is intended to encompass smgle-'"
stage and multlple-stage designs. Since a “valve”, and

- specifically a “servovalve”, may service a variety of

65

Another object is to prowde an nnproved equahzer -

| ‘which is partlcularly useful in providing equal pressures

“fluids” (both liquids and gases), the claims should not

be limited to serviced liquids, unless a sultable 11m1tat10n - .
to that effect appears therein. |

PRIOR ART “AVERAGING” SYSTEM (FIGS
- 1-1A)

A simplified prior art “averaging” system is schemati- o
cally shown in FIG. 1. This system included two elec-
- trohydraulic servovalves 10A, 10B, an “averaging” =~
equalizer 11, and a tandem actuator or load 12. The
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tandem actuator 12 had two pistons mounted on a com-
mon rod 13 and arranged in separate cylinders. The left
piston separated opposing chambers 14A, 14B and the
right piston separated opposing chambers 15A, 15B.
Two separate linear variable displacement transducers 35
(LVDT’s) provided feedback signals reflective of the
actual position of rod 13 relative to the body. The equal-
izer 11 was another type of tandem actuator, responsive

to the difference of output pressures rather than the
sum; and had left and right pistons separating opposing 10
chambers 16A, 16B and 18A, 18B. Two separate
LVDT’s provided feedback signals reflective of the
position of the common equalizer rod 19 relative to the
body.

An electrical command signal was supplied to sum- 15
ming point 20A, which was also supplied with separate
feedback signals from the actuator and the equalizer.
The algebraic sum of these three signals was an error
signal supplied through an amplifier 21A to the torque
motor of servovalve 10A. The same electrical com- 20
mand signal was supplied to summing point 20B, which
was also supplied with separate feedback signals from
the actuator and the equalizer. The algebraic sum of
these separate signals was supplied through an amplifier
21B to the torque motor of servovalve 10B. 25

The two servovalves were identical, and were sever-
ally adapted to produce control pressure outputs Pi4,
P>4 and P;p, P2p. Ideally, output P4 was equal to P1p,

and output P24 was equal to P2p. Output P14 was sup-
phed to equalizer chamber 16A and to actuator cham- 30

ber 14A; output P24 was supplied to equalizer chamber
16B and to actuator chamber 14B; output P;p was sup-
plied to equalizer chamber 18B and to actuator chamber
15A; and output P>p was supplied to equalizer chamber
18A and to actuator chamber 15B. Thus, these hydrau- 35
lic outputs were arranged to be “force summed” in the
actuator, but “force opposed” in the equalizer.

If the hydraulic outputs of the two servovalves were
perfectly “matched” (i.e., P14=Pi15 P24=P2p), then
the equalizer would not move relative to the body. 40
However, the actuator rod 13 would move to a position
established by the command signal, at which com-
manded position the actuator feedback signal would
reduce the error signal to zero.

However, if the hydraulic outputs of the servovalve 45
became “mismatched” (l.e., Pigys£Pip and/or
P> 4=£P>p), for whatever reason, then the differential
between such output pressures would displace the
equalizer rod 19 in the appropriate direction relative to
the body. Such displacement caused equal feedback 50
signals, but of opposite polarity, to be supplied to sum-
ming points 20A and 20B, and these in turn caused
different error signals to be supplied to the servovalves.
The output of the lower-pressure valve was increased,
while the output of the higher-pressure valve was cor- 55
respondingly decreased by a like amount. The effect of
this was to ‘“equalize” the outputs of the valves at an
intermediate pressure which was the average of the
original mismatched pressures. The prior art equalizer
functioned to avoid “force fighting” of mismatched 60
control pressures in the actuator by causing both valves
to produce “averaged” equal outputs.

A disadvantage of the “averaging’ system was that
the equalizer rod 19 had to be “locked” in a fixed posi-
tion to allow for continued system performance in the 65
event of a loss of supply pressure Ps4, Psg to either
servovalve. To this end, the prior art equalizer was
provided with two locking mechanisms 22A, 22B. Each

4

locking mechanism employed supply pressure provided
to the associated servovalve, to displace a piston against
the opposite urging of a spring. In these displaced con-
ditions, the locking pistons would permit the contem-
plated movement of the actuator rod 9 relative to the
body. However, in the event of a loss of supply pressure
to either valve, the associated piston would move up-
wardly to capture a pin within a piston detent, thereby
holding the equalizer rod 19 in a fixed position relative
to the body. These locking mechanisms functioned to
prevent the equalizer LVDT’s from sending “hard-
over” feedback signals to the summing points, if supply
pressure to either servovalve was lost.

FIG. 1A is an abbreviated block diagram of the prior
“averaging” system shown in FIG. 1. An electrical
command signal was simultaneously supplied to each of
summing points 20A, 20B, which supplied error signals
through amplifiers 21A, 21B to servovalves 10A, 10B.
The equalizer 11 sensed a pressure differential (AP) in
the hydraulic outputs of the valves, and displaced equal-
izer rod 19 accordingly. This caused the equalizer
LVDT’s to supply equal negative feedback signals to
the summing points. The hydraulic outputs of the
valves were “force summed” in actuator 12 to displace
the actuator rod 13 relative to a body. The actuator
LVDT’s supplied negative feedback signals reflective
of the actual position of the actuator rod, to the associ-

ated summing points. Note that the equalizer LVDT’s
supplied proportional feedback signals over the entire
range of movement of the equalizer rod. Thus, move-

ment of the equalizer rod caused one of the servovalves
to increase its hydraulic output at the expense of a cor-
responding decrease in the hydraulic output of the
other.

As previously noted this prior art system has been
somewhat simplified to more clearly illustrate the “av-
eraging” correction of a hydraulic mismatch. Such
prior art system is more clearly shown of pp. 20-21 of
Technical Bulletin 127, Moog Inc. (1976).

IMPROVED EQUALIZATION SYSTEM (FIGS.
2-2A)

A simplified schematic of the improved actuator is
shown in FIG. 2, in which parts previously described
are again referred to by the same reference numeral.

Whereas the prior art system (FIG. 1) corrected a
hydraulic “mismatch” by adjusting both valves so as to
produce equal outputs at an ‘“average” of the original
“mismatch’, the improved equalizer adjusts only one of
the valves so as to cause its hydraulic output to substan-
tially equal that of the other. In other words, in the
event of a hydraulic “mismatch”, the lower-pressure
valve may be adjusted so as to increase its hydraulic
output to that of the higher-pressure valve, or vice
versa, depending on the particular application. After
such adjustment, both valves will thereafter produce
substantially equal or “matched” output pressures equal
to the original pressure of the non-adjusted valve.

The inventive system, generally indicated at 25 in
FIG. 2, again includes summing points 20A, 20B, ar-
ranged to be simultaneously supplied with a command
signal, and arranged to supply error signals through
amplifiers 21A, 21B to servovalves 10A, 10B. The hy-
draulic outputs P14, P24 of servovalve 10A are supplied
to actuator chambers 14A, 14B respectively; and the
hydraulic outputs Py, P2p of servovalve 10B are sup-
plied to actuator chambers 15A, 15B respectively.
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_. Agam, these hydraullc outputs are “ferce summed” '

- the actuator.
However, the system 25 utilizes an 1mpreved equal- |

- izer, generally indicated at 26, which includes a differ-
 ential pressure sensing piston 28, and left and right recti-

~ fier elements 29A, 29B, which are severally responsive

~ to the polanty of the hydra_uhc “mismatch”. The ex-
pression “rectifier element”, as used herein, is coined
~because these mechanical elements function in a manner
somewhat analogous to a rectifier in an electrical envi-

- ronment. Persons skilled in this art will appreciate that.
a conventional _rectlﬁer_ permits passage of a current in

10
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~one direction, but not in another. Thus, if a sinusoidal

~ a.c. current, symmetrical about an abscissa, is supplied
to a rectifier, the rectifier will clip that part of the signal 15
which is above or below the abscissa and pass a half-

~ was assumed to be less than that of valve 10A, is ad- -

~wave rectified signal. Similarly, elements 29A, 29B are
severally sensitive to movement of the sensing piston in
one direction, but not in the epposne direction. Hence,

the use of “rectifier element” as a shorthand metaphenc
identification and characterization of such element.

20

- The differential sensmg piston 28 has a central piston '

- 30 shdably mounted in a cylmdncal chamber 31 pro-
vided in a body. Axial rods 32A, 32B extend leftwardly

' . and rightwardly from piston 30 and slidably penetrate

the left and right end walls 33A, 33B of the chamber.

6

right rectlﬁer element 29B causing it to be hfted offits '

stop 35B. This movement will generate, via the right

LVDT 40B, a feedback signal which is supplied to ~
summing point 20B. Since the error 'mgnal supplied - -
from summing point 20B to amplifier 21B is the alge- =
braic sum of the command signal, the feedback signal
supplied by right rectifier element LVDT 40B, andthe =
- negative feedback signal supplied by actuator LVDT
_ 41B, such rightward movement of the sensing piston30
causes an appropriate correction of the error signal = -
-supplied to servovalve 10B, which causes valve 10Bto
increase its output (P2p) to equal that of valve 10A. In

this manner, servovalve 10B, whose output pressure

justed so as to thereafter substantially equal the output -

- of servovalve 10A. If the output (Po4) of servovalve
10A were to fall below the output (P2p) of valve 10B,
the corrective operation, just described, would be re- R

versed. | |
While in the preferred embodlment the valve pro-

ducing the lower pressure is singly and individually
- adjusted so as to produce an increased pressure equal to

- that of the other valve, persons skilled in this art will

25

- The left rectifier element 29A is biased, by a spring

.34A to move rightwardly so as to abut a leftwardly-
- facing stop 35A. An axial pin 36A extends rightwardly

from rectifier element 29A, and is adapted to be selec-
tively engaged by the left end face of rod 32A. Simi-

- -larly, the right rectifier element 29B is biased, by spring

- 34B, to move leftwardly so as to abut a rightwardly-fac-

o 1ing stop 35B. Axial pin 36B extends leftwardly from

rectifier element 34B, and is adapted to be selectively
- engaged by the right end face of rod 32B. The rectifier
pins 36A, 36B are biased to continuously engage sensing

plston rods 32A, 32B respectively, unless and until the

sensing piston moves away from the pin after its associ-
- ated rectifier element abuts its movement-limiting stop.
Ideally, when the sensing piston 30 is in an initial

30

appreciate that the improved equalizer could be readily

- modified so as to cause a higher pressure valve to be =

adjusted so that its output pressure would be reducedso
as to substantially equal the lower pressure of another - -

~ valve. For example, this “equalize down” feature may
be achieved by reversing the connections between the
equalizer LVDT’s (40A, 40B) and the summing points = -

- (20A, 20B), from that shown in FIG. 2 to that shown in

35

40

position (e.g., centered with respect to its cylinder), the -

‘tips of rectifier pins 36A, 36B will engage the facing -

ends of rods 32A, 32B, respectwely, and the left and
right rectifier elements will just abut their associated

~_stops, 35A, 35B. This initial condition is not, however,

‘invariable. The length of the various rods and pins

 might, alternatively, be selected or adjusted so that each
rectifier element will engage its associated stop when

‘the sensing piston (whether centered or not) is in some

30

initial position. Thus, if the hydrauhc outputs of the two
. servovalves are “matche_d”_ there will be no displace- .

ment of the sensing piston 30 relative to the body.

However, assume that the hydraulic outputs are, or.

| 'become, ‘mismatched”. For example, the output pres-
“sure (P2p) of servovalve 10B might fall below the corre-

sponding output (P24) of servovalve 10A. The differen-

-~ tial (PM —P2p) between these two pressures will urge

the sensing piston 30 to move rightwardly (from the

- position shown in FIG. 2) relative to its cylmder ‘This

will cause rod 32A to separate from left pin 36A. How-

ever, since the left rectifier element already abuts stop

- range. Each rectifier element therefore has a selective
“dead” zone, within which the element does not follow

53

FIG. 6. In this modification, left LVDT 40A is ar-
. ranged to supply an appropriate feedback signal to right
summing point 20B, and right LVDT 40B is arranged to - . -
- supply an appropriate feedback signal to left summing .

‘point 20A, so that the higher pressure output of one
valve will be reduced to substantially equal the lower -

pressure output of the other valve. The invention con-
templates that one or more of the various feedback

signals may be provided by means and mechanisms =
other than an LVDT. For example, a mechanical spring
wire, such as disclosed in U.S. Pat. No. 3,023,782, might
- be employed to provide mechanical feedback from the -

45

equalizer as the actuator.

Thus, the preferred embodiment of equallzer 26 in-
cludes a bidirectional differential pressure sensing pis-

ton 30 which is operable to sense both.the polarity and :_- -

the magnitude of a “mismatch” through its direction of

movement and extent of travel, and two rectifier ele- - .
ments 29A, 29B which, through associated LVDT’sare -
adapted to generate “rectified” electrical signals only

when the sensing piston moves within its sensitive

- movement of the sensing piston; and a “sensitive” zone,

' 35A, such rightward movement of the sensing piston

will not cause any movement of the left rectifier ele-
ment 29A, and the LVDT 40A associated with the left
rectifier element will not produce any analog feedback
signal. However, such rightward movement of sensing -
~piston 30 will produce a like rightward movement of

65

- within which the element moves with the sensing pis- o
‘ton, and produces via its LVDT an output signal pro- - = =
. portional to the displacement of sensing piston 30 in the . -

sensitive direction. The “dead’ and “sensitive” zones of
the two rectifier elements are complementary; that is,

one element is in its “‘dead” zone, while the other isinits

“sensitive” zone. The interface between these two
~zones occurs when: each rectifier element just abuts its - -
associated stop (as shown in FIG. 2). Thus, when the

hydraulic outputs of the servovalves are “matched”,

both rectifier elements will be at the interface between o
‘their respective “dead” and “sensitive” zones. f
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FIG. 2A shows a simplified block diagram of the
improved servosystem shown in FIG. 2. This block
diagram appears to be similar to the prior art system
shown in FIG. 1A. However, the difference lies in the
equalizers. Whereas the two equalizer LVDT’s pro-
vided proportional output signals throughout the entire
range of movement of equalizer rod 19 in the prior art
system (FIG. 1A); in the improved egualizer, only one
LVDT is active when its associated rectifier element is
moved 1n its “sensitive” zone. Therefore, while the
prior art “averaging” system (FIGS. 1 and 1A) simulta-
neously adjusted both servovalves by like amounts in
the event of a “mismatch”, the improved system singly
and independently adjusts only one valve, and causes
such adjusted output to substantially equal that of the
non-adjusted valve. By having each rectifier element
LVDT sensitive to a differential pressure of known
polarity, there 1s no need to make provision to lock the
sensing piston, as had been done with the “averaging”
system.

First Modification (FIG. 3)

A. servosystem 45 employing a modified eqgualizer,
generally indicated at 46, is schematically shown in
FIG. 3.

This servosystem has two identical two-stage electro-
hydraulic servovalves 50A, 50B, the hydraulic outputs
of which are “force-summed” to drive a tandem actua-
tor 51. Actuator 51 has a leftward piston 52 separating
opposing chambers 53A, 53B, and a rightward piston 54
separating opposing chambers 55SA, S5B. Each servo-
valve has a first or pilot stage which 1s employed to
selectively displace a spool, 56A or 56B, relative to a
body or bushing to meter a flow of fluid between a
pressure port (Pg), a return port (R), and two control
ports (Cj, Cz) Both pilot stages are simultaneously sup-
plied with a common command signal. Control port
C14 communicates with actuator chamber 53A: control
port Cy4 communicates with actuator chamber 53B;
control port C;p communicates with actuator chamber
39A; and control port Cap communicates with actuator
chamber 35B. The pressures at control ports Ci4 and
C24 are denominated pressures Pj4 and P,4, respec-
tively. Similarly, the pressures at control ports C;pand
Cap are denominated pressures P1g and P;p, respec-
tively. Thus, if a command signal causes the spools to
move leftwardly from the positions shown in FIG. 3,
the fluid will flow from sources Pg4 and Pgpinto actua-
tor chambers 53B and 55B, respectively, to displace
actuator rod S8 leftwardly.

In this embodiment, the improved equalizer 46 in-
cludes an intermediately-pivoted lever and a rectifier
element operatively associated with each spool. The left
lever §8A is provided with a spherical ball 59A at its
upper end, which ball is captured in an annular recess
provided in a spool lobe. The left rectifier elemant 60A
1s In the form of a piston slidably mounted in a cylinder
61A, and has its left face adapted to be engaged by the
lower end 62A of lever 58A and is also exposed to
control pressure P14. Control pressure Pipis applied to
the right face of rectifier piston 60A. Similarly, the right
rectifier element is also in the form of a piston 60B,
slidably mounted in a cylinder 61B, and has its left face
adapted to engage the lower end 62B of lever 58B and
1s also exposed to control pressure Pip. Control pres-
sure P14 is applied to the right face of rectifier piston
60B. The rectifier pistons are shown as being further
provided with stops 63A, 63B extending rightwardly

10
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from their right faces and arranged to abut the leftward-
ly-facing right walls of their associated cylinders, and
stops 64A, 64B extending leftwardly from their left
faces and arranged to abut the rightwardly-facing walls
of the chambers in which levers 58A, 58B are mounted.

Each of rectifier pistons 60A, 60B is mounted for free
sliding movement in its associated cylinder within a
range of movement determined by the stops 63A, 64A
and 63B, 64B. Ideally, both servovalves will have
“matched” control pressures P14, Pj 5, and these control
pressures are applied to the opposite circular end faces
of the pistons.

However, if control pressure Pjp of right valve 50B
falls below the comparable control pressure P4 of left
valve S0A, the pressure differential therebetween
(P14—P1p) will cause the left rectifier piston 60A to
move rightwardly, separating from its contact with the
lower end of lever S8A; and the right rectifier piston
59B will move leftwardly, pushing the lower end of
lever 58B and urging the lever to pivot in a clockwise
direction. This action has no effect on the left spool, but
causes the right spool 56B to move rightwardly relative
to its chamber, in 2 manner proportional to the magni-
tude of the differential pressure because of the finite
stiffness of the spool positioning loop, so as to further
uncover control port Cip. Thus, in the event of a “mis-
match” between outputs P4 and Pyp, the improved
equahzer functions to adjust that valve which is produc-
ing the lower output pressure, so as to have its adjusted
pressure increase to substantially equal that of the other
valve. Of course, if the pressure supplied by left valve
S0A were to fall below that supplied by the right valve
30B, the operation would be reversed. Again, the two
control pressures are “force-opposed” in the equalizer
pistons, but “force-summed” in the actuator. Also, each
rectifier piston has a “dead” zone, within which dis-
placement of the rectifier piston does not produce cor-
rective movement of the valve spool, and a “sensitive”
zone, within which such corrective adjustment may
Occur.

Second Modification (FIG. 4)

FIG. 4 depicts another servosystem 65, which
broadly includes two servovalves 66A, 66B, two modi-
fied equalizers 68A, 68B associated with the servo-
valves and a tandem actuator 70. Actuator 70 has two
separate pistons mounted on a common rod 71. The left
piston separates opposing chambers 72A, 72B, and the
right piston separates opposing chambers 73A, 73B.
Inasmuch as both servovalves are identical, only the
structure of the leftward system will be discussed.

Servovalve 66A 1s schematically shown as including
a torque motor 74A, a first-stage fluid amplifier 75A,
and a second-stage sliding spool member 76A. Supply
pressure Psg4 1s provided through restricted orifices to
the amplifier, and a differential pressure, determined by
the position of a flapper relative to a pair of opposed
nozzles, 1s supplied to the spool end chambers for selec-
tively displacing spool 76A relative to the body. The
various spool lobes are arranged to cover supply ports,
a common return port, and two control ports Ci4, Ca4,
when the spool is in 1ts centered position. Should the
spool move rightwardly from the position shown, con-
trol port Cij4 will communicate with return R4, and
control port Cy4 will communicate with right pressure
supply Ps4. Conversely, if the spool were to move left-
wardly from the position shown, control port Cj4
would communicate with left supply Psy4, and control
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port C24 would communicate with return. The pres-

sures at control ports Ci4 and Cy4 are denominated
- pressures P14 and Pay, respectlvely Slmllarly, the pres- -
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sures at control ports C;p and Crp are denominated

~ pressures P1g and Pyp, respectwely Spool 76A is pro-
- vided with an axial through-hole 78A, which is inter-

- sected by a radial hole 79A in constant communication
with control port C24. Thus, at all times, the pressure at

~control port Cz4 will exist in the stem end chambers
80A, 81A of spool 76. Since the end faces of the valve

- stem are of equal areas, like pressures in stem end cham-

bers 80A, 81A will not affect spool position.

10

The equalizer 68A includes a rectifier. element in the .

form of a piston 86A slidably mounted in a cyhnder

- Control pressure P24 in stem left chamber 80A is ap-
plied to the right end face of rectifier plStOIl 86A, and

_control pressure Pap from servovalve 66B is applied to

15

its left face. Rectifier piston 86A has a stop 88 extending

~ leftwardly from its left face to selectively abut the

- chamber left wall. The right face of rectifier piston 86A
may selectively abut the left end face of the stem of

' ‘valve spool 76A. |
- Rectifier piston 68A is, therefore, Operatwely ar-
- ranged to sense a differential between control pressures

‘P24and Pyp. If pressure P, 4 is greater than pressure P,

the rectifier piston 86A will be driven leftwardly, until

its stop 88A bottoms on the chamber left wall. In this

- condition, rectifier piston 86A will not interfere with
normal movement of valve spool 76A. However, the

~ other rectifier piston (not shown) will be driven right-

20

25

~ vided to sleeve end chamber 95A to act on the right - o |
face of sleeve 91A, and so on for units “B> and “C”.. =~ = |

30  Each spool 92 is provided with an axial through-hole -

'wardly to engage the spool (not shown) of valve 66B,

- urging it to move nghtwardly to increase the pressure
- of valve 66B. |

On the other hand, lf pressure PzB is greater than

| pressure Py4, the reetlﬁer piston of equalizer 68B will

- separate from the spool of valve 66B, and will bottom |

- against its chamber end wall. However, the polarity of
- this pressure differential will drive left equalizer piston
 86A rightwardly to engage the stem of spool 76A, and

- move the spool nghtwardly in a manner proportional to 40"
- the magnitude of the pressure differential because of the

35

~ finite stiffness of the spool posmomng loop, to increase |

control pressure Py

Thus, in this embodlment the rectlﬁer plStOI‘lS agam -

have “dead” and “sensitive” zones of movement, and
function to cause the valve which is producing the

lower pressure to be adjusted so as to produce an in-
- creased pressure substantially equal to that of the other

- valve. This embodiment has the additional advantage of
allowing continued actuator performance via provision
~ of one or more bypass valves (not shown) despite a loss
of supply pressure to either servovalve. o

 Triplex Apphcatlon (FIG 5) |
FIG. 5 shows the concept of the 1mproved equahzer

as applied to a tnplex :redundant control system gener- |

~ ally indicated at 90.

Control system 90 comprises three like ccmtrol umts |
~having their actuator rods connected tegether to pro-
vide a triple tandem actuator. For convenience, the

- same reference numeral will be used to identify the

same structure, with subscripts “A”, “B” and. “C” dis-

“tinguishing between the three control units.

Each control unit has a sleeve member 91 mounted

for free sliding movement within a body, and further

- may move rightwardly to abut a right stop 104. The left =
face of each rectifier piston faces into a chamber 105. =
The right face of each rectifier piston and pin 102, face = -
into another chamber 106 between the rectifier piston, .~ =
the body, and the left end face of the sleeve. The diame- = -
- ters of the rectifier pistons are equal to the dlameters of

the sleeves. | o
Chamber 105A communicates w1th actuator chamber o
-~ 94C; chamber 106A communicates with actuator cham- =~ -

ber 94B; and sleeve end chamber 95A communicates

with actuator chamber 94A. Chamber 105B communi-
cates with actuator chamber 94A; chamber 106B com- -

50

35
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munication with supply and return passages prowded in =
the body. The sleeve also has one control port Cj ar- R
ranged between the left supply port and the return port, =
and another control port C; arranged between the re-
‘turn port and the right side supply port. Each unitof the
triple tandem actuator has a piston slidably mounted in =
-a cylinder and separating a chamber 93 on its left side =~
from another chamber 94 on its right side. Control ports
Ci communicate with right chambers 93, and control =
ports Cz communicate with left chambers 94. The pres-

sures at control ports Ci4 and Cz4 are denominated .
pressures P14 and Pag4, respectively, and are further

identified by the additional subscripts A, B or C, as = -
- appropriate. Thus, the individual actuators of each con- .
trol unit are connected together so as to provide a
“force-summed” triple tandem actuator, collectwely |

1nd1cated at 97,

- Each spool member 92 has three lobes. When the:_ e
~'spool is nulled on its sleeve, the left spool lobe is .
adapted to cover the sleeve left supply port, the inter- . -
mediate spool lobe is adapted to cover the central sleeve
return port, and the right spool lobe is adapted to cover

the sleeve right supply port. The pressure P14, P15, Pic

-in each actuator right chamber (94A, 94B, 94C) is pro- .
vided to an end chamber (95A, 95B, 95C) between the
- body and the right end face of the associated sleeve.:

Thus, the pressure P14 in actuator chamber 94A is pro-

communicating the left and right end chambers 96, 98 o o

between the spool and its associated sleeve. -

A rectifier element in the form of a piston 99 is assoCi~ SR

ated with each sleeve. Each rectifier piston is mounted =~
in a body chamber for free sliding movement betweena =
left stop 100 and a right stop 101. An axial pin 102 ex-
‘tends rightwardly from the right face of each piston, -
and is adapted to be engaged by the left end face of the .
- associated sleeve. The axial distance between the left
face of each rectifier piston and the tip of the projecting .
pin, 1s approximately equal to the axial distance between = =
stops 100 and 101. When the rectifier piston abuts left

stop 100, sleeve 91 abuts its left stop 103. Each sleeve

municates with actuator chamber 94C; and sleeve end

chamber 95B communicates with actuator chamber -
94B. Chamber 105C communicates with actuator cham-

- ber 94B; chamber 106C communicates with actuator =~ =~

chamber 94A; and sleeve end chamber 95C communi-

- cates with actuator chamber 94C.

65

~ has a spool member 92 selectively movable within the
- associated sleeve. The sleeve has a supply port on either -
s1de of a return port, and these are in contmuous com-

- Each control unit includes a summing lever 108 The“ R
. upper end 109 of each summing lever is pivotally con-
nected to the left marginal end of its actuator rod 110. A
“connecting rod 111 has its left marginal end pivotally : -
~connected to an intermediate portion of lever 108, and =
has its right marginal end pivotally connected to the
lower end of an intermediately-pivoted lever 112. The
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11
upper end of lever 112 has a spherical ball suitably

captured with a complementary recess provided in the
spool’s central lobe. Each summing lever receives an

iput in the form of a horizontal push or pull movement
of its lower end 113. Such input motion causes the lever
108 to pivot about its upper connection with actuator
- rod 110, and causes displacement of the spool relative to
the sleeve via connecting rod 111 and lever 112. Left-
ward movement of the spool relative to the sleeve un-
covers the left sleeve supply port, and allows flow from
body source Ps4 into chamber 94A. Chamber 93A com-
munticates with body return R 4 through the nowuncov-
ered sleeve return port. Thus, for example, rightward
movement of the lower end of summing lever 108
causes leftward movement of the spool, and leftward
movement of the actuator rod 110. If the summing lever
lower end 1s held in its rightwardly-displaced position,
the resultant leftward movement of actuator rod 110
will ultimately restore the spool to its nulled position
relative to the sleeve. Thus, the summing lever provides
mechanical feedback between the mechanical command
displacement of lever end 113, the spool, and the actua-
tor. In short, were it not for them being coupled to-
gether, each actuator rod 110 would move to a position

10

15

20

proportional to the extent of command displacement of 25

the lever lower end 113. The “gain” of each control unit
is determined by the lengths of the arms between the
lever’s connection with connecting rod 111, and the
lever’s marginal ends. The three summing levers are
coupled together to receive essentially equal inputs.

As with the embodiments heretofore described, con-
trol system 90 functions to compare the outputs of the
three valves in terms of the pressures in chambers 94A,
94B and 94C, and to cause any valve(s) which is/(are)
producing a lower pressure output to be adjusted so as
to substantially equal the higher pressure of a valve,
which serves as a reference.

Assume that pressure Py 41s greater than pressure Pz,
which in turn is greater than pressure Pic. In control
unit “A”, a first differential pressure (P14—P1p) will
drive the sleeve leftwardly against stop 103. A second
differential pressure (P1p—P;¢) will drive rectifier pis-
ton 99A leftwardly against its stop 100 (if it is not al-
ready there). In control unit “B”, a first pressure differ-
ential (P14—Pi¢) will move rectifier piston 99B against
sleeve 91B. One rectifier piston 99B is in contact with
sleeve 91B then a second pressure differential
(P14—P1p) will drive rectifier piston 99B sleeve 91B
rightwardly and/as a subassembly further uncovering
the sleeve supply port and thereby increasing P;p, until
Pip equals P14. In control unit “C”, a first pressure
differential (P;4—P1p) drives the rectifier piston 99C
leftwardly against stop 100C, and a second pressure
differential (P141¢) drives sleeve 91C rightwardly, fur-
ther uncovering the sleeve supply port and thereby
increasing Pic¢, until Pic ultimately equals Pj4. Thus,
the improved equalizer has adjusted control units “B”
and “C” so that their output pressures Pigand Pjc will
equal the higher pressure of P14. Of course, if either unit
“B” or “C” provided the higher control pressure, then
the other units would be correspondingly adjusted in a
similar manner.

Therefore, the present invention broadly provides an
improved equalizer which functions to equalize the
hydraulic outputs of two or more valves. While duplex
and triplex units have been shown and described, the
improved equalizer may be readily applied to quadru-
plex and higher order systems. The equalized outputs
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need not necessarilly be “force summed”, or even ap-
plied to a common actuator. The invention contem-
plates that the lower pressure output(s) of one or more
valve(s) may be “equalized up” to the higher pressure of
a reference valve or, alternatively, that the higher pres-
sure output(s) of one or more valve(s) be ‘“equalized
down” to the lower pressure of a reference valve.
Accordingly, while the presently-preferred embodi-
ment and several desirable modifications thereof have
been shown and described, persons skilled in this art
will readily appreciate that various additional changes
and modifications may be made without departing from
the scope of the invention, as defined and differentiated
by the following claims.
What 1s claimed is: |
1. In apparatus having a first valve and a second
valve, each of said valves being adapted to communi-
cate with a source of pressurized fluid and having one
member movable relative to another member to regu-
late a controlled pressure, the improvement comprising:
an equalizer arranged to sense said controlied pres-
sures and operative, in the event of a differential
therebetween, to cause the relative position of the
members of one valve to be adjusted so that the
controlled pressure of said one valve will be biased
to substantially equal the controlled pressure of the
other valve, said equalizer including

a sensing actuator supplied with said controlled pres-
sures and movable, within a permissible range of
movement, t0 a position responsive to the polarity
and magnitude of a differential between said con-
trolled pressures, and

a first rectifier element sensitive to the position of said
sensing actuator within a first portion of said per-
missible range but insensitive to the position of said
sensing actuator beyond said first portion, said first
rectifier element being operative to cause the mem-
bers of said one valve to be adjusted.

2. The improvement as set forth in claim 1 wherein
sald first rectifier element is movable with said sensing
actuator within first portion.

3. The improvement as set forth in claim 2 wherein
sald first rectifier element does not move with said sens-
ing actuator beyond said first portion.

4. The improvement as set forth in claim 3 and further
comprising a stop operatively arranged to permit move-
ment of said first rectifier element within said first por-
tion, but to prevent said first rectifier element from
moving beyond said first portion.

S. The improvement as set forth in claim 1 wherein
said one valve 1s an electrohydraulic servovalve, and
wherein said first rectifier element is arranged to supply
an electrical feedback signal to said servovalve.

6. The improvement as set forth in claim 1 wherein
sald equalizer further includes:

a second rectifter element sensitive to the position of
said sensing actuator within a second portion of
said permissible range but insensitive to the posi-
tion of said sensing actuator beyond said second
portion, said second rectifier element being opera-
tive to cause the members of said other valve to be
adjusted.

7. The improvement as set forth in claim 6 wherein
said first and second portions together comprise the
permissible range of movement of said sensing actuator.

8. In apparatus having a first valve and second valve,
each of said valves being adapted to communicate with
a source of pressurized fluid and having one member



* movable relative to another member to regulate a con-

~trolled pressure, the improvement comprising: -
- an equalizer arranged to sense said controlled pres-

- sures and operative, in the event of a differential

therebetween, to cause the relative positions of the

o members of one valve to be adjusted so that the

5

controlled pressure of said one valve will be biased
 to substantially equal the controlled pressure of the -

~ other valve, said equalizer including
| a sensing actuator supplied with said controlled pres-,

sures and movable to either side of a null position in

response to the polarity and magnitude of differen-

‘tial between said controlled pressures, and

~a first rectifier element responsive only to the dis-

~ placement of said sensing means to one side of said

-null position in response to the magnitude of one

~ polar differential between said controlled pressures

and operative to cause the members of sald one
~valve to be adjusted. |

9. The lmprovement as set forth in claun 8 and further

comprising: o

~ asecond rectlﬁer respcnslve only to the dlsplacement

- of said sensing means to the other side of said null

pcsiticn in response to the magnitude of an oppo-

--site polar differential between said controlled pres-

15
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- sures and operative to cause the members of said -

other valve to be adjusted. |
10. In an apparatus having a first valve and a second

valve, each of said valves being adapted to communi-

cate with a source .of pressurized fluid and having one

‘member movable relative to another member to regu-
- late a controlled pressure, the improvement comprising:
~an equalizer arranged to sense each of said controlled

30

‘pressures and operative in the event of a differen- - '
tial therebetween, to cause the relative positions of 35
~ the members of one valve to be adjusted so that the

" controlled pressure of sald one valve will be biased
~ to equal the controlled pressure of the other valve,
said equalizer including |

“a sensor for determining the magnitude and polarity

of a differential between said controlled pressures,

a first rectifier associated with said sensor and with

 said first valve, said first rectifier being sensitive to.
the magnitude of any sensed differential of one

~polarity but insensitive to the magnitude of any
sensed differential of the opposite polarity, and

a second rectifier associated with said sensor and said -
- second valve, said second rectifier being sensitive

- to the magnitude of any sensed differential of said

- opposite polarity but insensitive to the magnitude

- of any sensed differential of said one polarity.

11. The lmprcvement as set forth 1n claim 10 wherein
said sensor is movable to a position responsive to the

- polarity and magnitude of : any dlfferentlal between said
ccntrclled pressures. -
12. The improvement as set forth in claim 11 wherem

45
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fier element i 1s arranged to supply a feedback sxgna] tc_
- said second valve. S e
15, In apparatus for controlling the. cperatlcn ofa R
“tandem actuator, said apparatus having first and second
servovalves, each of said servovalves being adapted to
‘communicate with a source of pressurized fluid and =
‘having one member movable relative to another mem- =
ber to regulate a controlled pressure, having first feed-

back means operatively arranged between said tandem

) actuator and said first servovalve, and having second
feedback means operatively arranged between said tan-
dem actuator and said second servovalve, the improve-

ment comprising: S
an equalizer arranged to sense said controlled pres-

- the controlled pressure of such adjusted servovalve -
will be biased to substantially equal the controlled
pressure of the unadjusted servcvalve, said equal-
izer including :

a first rectifier arranged to be moved within a first

range of movement and operative to provide a
feedback signal to said first servovalve Ppropor-

tional to the position of said first rectifier within o

~ said first range,
~a second rectifier arranged to be moved within a
-second range of movement and operative to pro- -

- vide a feedback signal to said second servovalve |
- proportional to the position of said second rectifier =~
~ within said second range, said first and seccnd o

o ranges being non-overlapping, and
- a sensing actuator supplied with said ccntrclled pres—

- sures and movable within a maximum permissible .

range of movement, which includes said first and -

second ranges, to a position responsive to the po-- =~

-larity and magnitude of a differential between said
- controlled pressures, |

‘whereby, in the event of a differential between said -
controlled pressures, said sensing actuator may
~ selectively displace either one or the other of said =~
rectifiers, depending on the polarlty and magmtude S

of said differential.

'16. In a closed-loop position servomechanism havmg L
first and second force-summed actuators, and having
first and second servovalves, each of said servovalves =
. being adapted to communicate with a source of pressur-

ized fluid and having one member movable relative to

another member to regulate a controlled pressure, the o
‘controlled pressure of said first servovalve being sup-

- phied to said first actuator and the controlled pressure of

said second servovalve being supplied to said second

- actuator, the improvement which comprises:

55

- said sensor includes a piston, and wherein said con-

trolled pressures are applied to the opposite faces of said
piston such that the position of said piston will indicate
the polarity and magnitude of any differential between

~-said controlled pressures.

13. The 1mprcvement as set forth in claim 10 whereln "

each rectifier is a follower mounted for selective move-
- ment with said sensor. | |
14. The lmprcvcment as set forth in claim 13 wherem

each of said valves is an electrchydrauhc servovalve,

.and wherein said first rectifier is arranged to supply a
- feedback 31gnal to sald first valve and sald second recti-

65

an equalizer’ arranged to sense said controlied pres-
sures and operative, in

- other unadjusted valve, said equalizer including .
“a sensor for determining the magnitude and polarity

of a differential between said controlled pressures,

‘a first rectifier associated with said sensor and with

~ said first servovalve, said first rectifier being sensi- =

tive to the magnitude of any sensed differential of

‘one polarity but insensitive to the magmtude ofany o

sures and operative, in the event of a differential
therebetween, to cause th relative positions of the
members of one servovalve to be adjusted so that = |

in the event of a differential =
- therebetween, to cause the relative positions of the
‘members of one or the other of said servovalvesto
be individually adjusted so that the controlled pres- -~ .
. sure of such adjusted servovalve will be biasedto. =~
- _substantially equal the controlled pressure of the .
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such sensed differential of the oppossite polarity,
and
a second rectifier associated with said sensor and with
satd second valve, said second rectifier being sensi-

16

pressure of such adjusted valve will be biased to
substantially equal the controlled pressure of the
non-adjusted other valve which is providing the
highest controlled pressure,

tive to the magnitude of any sensed differential of 5  thereby to cause each of said valves to provide regu-

said opposite polarity but insensitive to the magni-
tude of any sensed differential of said one polarity,

lated controlled pressures which are substantially
equal.

thereby to avoid force-fighting due to mismatched 20. In apparatus having only two valves, each of said

controlled pressures. valves being adapted to communicate with a source of

17. The improvement as set forth in claim 16 wherein 10 pressurized fluid and operable to regulate a controlled
the servovalve which was providing the lower con- pressure, the improvement which comprises:

trolled pressure is adjusted. an equalizer operatively arranged to sense the con-

18. The improvement as set forth in claim 16 wherein
the servovalve which was providing the high con-
trolled pressured is adjusted. 15

19. In apparatus having only two valves, each of said
valyes being adapted to communicate with a source of
pressurized fluid and operable to regulate a control
pressure, the improvement which comprises:

an equalizer operatively arranged to sense to the 20

trolled pressures of said valve and operative, in the
event of a sensed differential therebetween, to ad-
just only that valve which is providing a higher
controlled pressure so that the controlled pressure
of such adjusted valve will be biased to substan-
tially equal the controlled pressure of the non-
adjusted other valve which is providing the lowest
controlled pressure,

controlled pressures of said valves and operative, thereby to cause each of said valves to provide regu-

in the event of a sensed differential therebetween,
to adjust only that valve which is providing a
lower controlled pressure so that the controlled

23

30

35

45

50

29

60

65

lated controlled pressures which are substantially

equal.
¥ % % % %
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